The Near Earth Asteroid Rendezvous (NEAR) mission began a year-long rendezvous with 433 Eros on 14 February 2000. The NEAR Laser Rangefinder (NLR) will measure ranges from the spacecraft to the surface of Eros with a single shot accuracy of a few meters. The NLR topographic data, when combined with doppler tracking of the spacecraft, will enable determinations of the asteroid's shape, mass, and density and will contribute to understanding of its internal structure and collisional evolution. NLR is the first space-borne laser altimeter with an in-flight calibration capability, achieved by means of an optical fiber which directs a small portion of every outgoing laser pulse back to the receiver with a known, fixed time delay. Key results of groundbased and in-flight calibrations of NLR are presented for: in-flight measurement of receiver noise statistics, confirmation of instrument stability over the 4-year cruise to Eros, absolute calibration of range measurements for ideal targets (flat, uniform surfaces normal to the boresight), and a prediction of single-pulse detection probability and range errors in the presence of pulse dilation from nonideal target surfaces, based on a Webb's approximation model of receiver performance. We find that pulse dilation is the major source of uncertainty in the single-shot range measurements from NLR, and that this uncertainty is consistent with the 6-m range measurement requirement for NEAR.
INTRODUCTION
The Near Earth Asteroid Rendezvous mission (NEAR) was launched on February 17, 1996, inaugurating the NASA Discovery Program of low-cost planetary missions. NEAR began a year-long, orbital study of the near-Earth asteroid 433 Eros on 14 February 2000. NEAR is a three-axis-stabilized spacecraft that carries a five-instrument scientific payload, composed of a multispectral imager (MSI), a near-infrared spectrometer (NIS), an X-ray/gamma-ray spectrometer (XRS/GRS), a laser rangefinder (NLR), and a magnetometer (MAG). The scientific background and expected results of planned investigations on NEAR, including a radio science investigation using the spacecraft coherent X-band telemetry system, are summarized in a special issue of the Journal of Geophysical Research (Acuna et al. 1997 , Trombka et al. 1997 , Veverka et al. 1997a , Yeomans et al. 1997a . The spacecraft has been renamed NEAR Shoemaker in honor of Eugene M. Shoemaker (1928 Shoemaker ( -1997 .
On June 27, 1997, NEAR performed a flyby of the C-type main belt asteroid 253 Mathilde. At least five craters were found at diameters of 19 to 33 km, comparable to the 26.5-km mean radius of Mathilde (Veverka et al. 1997b) . The NEAR flyby yielded the first direct mass determination for an asteroid (Yeomans et al. 1997b) . With the measured mass of 1.033 × 10 17 kg and an estimated volume of 78,000 km 3 , the density of Mathilde was inferred to be 1300 ± 200 kg m −3 . Comparison of this density with that of carbonaceous chondrites suggests a porosity of ∼50% for Mathilde. Subsequently, NEAR flew by Earth again on January 23, 1998, and all instruments were operated successfully (Izenberg and Anderson 1998) .
On December 20, 1998, NEAR was scheduled to begin its rendezvous with 433 Eros, but the first rendezvous burn was aborted, and contact with the spacecraft was lost for 27 h. After recovery of communications, NEAR executed a flyby of Eros on December 23, 1998. The rendezvous burn was executed successfully on January 3, 1999. Results of the Eros flyby included determinations of the Eros mass (7.2 ± 1.8) × 10 15 kg and density (2500 ± 800) kg m −3 (Yeomans et al. 1999 , Veverka et al. 1999 . The size and rotation pole of Eros were found to be consistent with previous groundbased determinations (e.g., Yeomans, 1995) .
During the rendezvous year at Eros, the NEAR Laser Rangefinder (NLR) will measure ranges to the surface with a singleshot accuracy <6 m at 50 km range . NLR will produce high-resolution and high-accuracy topographic grids and profiles to determine the global shape, mass, and density as well as to characterize local and regional scale topography. These data will contribute substantially to understanding the internal structure, evolution, and collisional history of Eros. NLR will use the body-fixed, planetocentric longitudelatitude reference system derived primarily from images to produce the global topographic grid. Zuber et al. (1997) estimate that the mass of Eros will be determined to within 0.0001%, while the density will be determined to within 0.1%. Principal NLR data products will include a global topographic grid at ∼500 m resolution and ∼10 m radial accuracy, plus regional scale topographic models with ∼5 m accuracy. In addition, joint observations of selected surface features are planned with MSI/ NIS so that images and spectral data can be overlaid on topographic data.
The present work presents a complete description of NLR instrument operation and in-flight calibrations, including new information needed to analyze and interpret NLR range data. NLR differs from previous laser altimeters in that in-flight calibration is possible even without any target surface: an optical fiber is used to carry a portion of every emitted laser pulse back to the receiver with a known time delay. Also included here is a new model of the range uncertainties or "range walk" caused by pulse dilation, the temporal stretching of backscattered pulses due to surface tilt and roughness. This pulse dilation model is fitted to in-flight calibration data and yields predictions of NLR ranging performance at Eros. A full description of NLR instrument hardware, ground test, and prelaunch calibrations was given by Cole et al. (1997) . Some calibration results presented below supercede those given earlier. An instrument software change will occur in June 2000 and will affect Eros data formats; unless noted otherwise, all information in this paper applies both before and after the software change.
NLR INSTRUMENT
NLR is a direct-detection, time-of-flight laser altimeter that determines the range from the NEAR spacecraft to the surface of Eros by measuring the round-trip travel time of laser pulses with 0.312 m range resolution (single count). It employs direct, incoherent detection using an all solid-state, diode-pumped laser transmitter, a Cassegrain receiver telescope, and a receiver electronics package that incorporates an IR-enhanced, silicon Avalanche Photo Diode (APD) with thresholding and timing electronics. Figure 1 shows the NLR flight hardware.
NLR is the first laser altimeter to employ continuous, in-flight calibration using a fiber-optic delay assembly (FODA), which is a spooled 109.5-m fused silica fiber-optic cable. Part of each optical pulse formed within the laser resonator is injected into the FODA, which injects a delayed optical signal directly into the receiver. This allows end-to-end calibration for each emitted pulse even when no target surface is available.
NLR is a bistatic system, with the transmitter separate from the receiver. The laser transmitter uses a diode-pumped, solidstate Cr:Nd:YAG with an active lithium niobate Q-switch to control the formation of the laser pulse. Similar lasers were used in the Clementine (Zuber et al. 1994) and Mars Global Surveyor (Zuber et al. 1992 , Smith et al. 1999 laser altimeters. The transmission of the laser optical pulse is accomplished using a 62-mm Galilean refractive telescope, whose large aperture reduces beam divergence to 235 µr. The laser pulse repetition rate (PRF) can be selected from among 1 8 , 1, 2, and 8 Hz. The receiver uses an 8.89-cm-diameter, gold-coated aluminum Dall-Kirkham telescope to focus backscattered laser energy onto the APD detector. The APD is a temperature-compensated, trans-impedance detector. Detected signals from the APD are amplified, passed through a 30-MHz Bessel filter, and sent to the time-of-flight (TOF) measurement system. The TOF system measures times from laser firing, as indicated by the laser transmitter start pulse, to the first receiver stop pulse (from the FODA calibration signal) and to the second stop pulse produced from the backscattered laser light returning from the target. The Bessel filter integrates the analog pulses to maximize the probability of detection for returned pulses that have been stretched in time ("dilated") by scattering from the rough, tilted target surface. The filter also attenuates high-frequency electronic noise. A comparator in the TOF system tests whether the filtered analog signal exceeds a commandable threshold voltage; when this occurs, a digital stop pulse is generated. The threshold level used by the comparator is set by ground command or autonomously through an auto-acquisition sequence. After the two TOF counters are stopped, a digital processing unit (DPU) reads the range measurements and formats them into science data packets together with instrument status and housekeeping information. 
OPERATION OF NLR
Measured laser pulse characteristics are summarized in Table I (data from Cole et al. 1997) . The temporal, spatial (nearand far-field), and pulse energy characteristics were measured during NLR flight system development. Pulse energy measurements of the transmitter beam and FODA port output were measured using NIST-traceable equipment accurate to ±5%. Measured near-field spatial beam distributions included beam diameter (1/e 2 ), modal structure, and energy distribution characteristics. Far-field measurements included beam divergence, jitter, and wander.
The receiver sees two optical pulses per transmitted pulse. The first arrives ∼558 ns after laser firing and is the calibration pulse routed through the FODA. Detection of this pulse stops the calibration counter, yielding the calibration value ("Calibration" in Table AI ; see Appendix). The next detected return is the surface backscattered pulse, stopping the range counter and yielding the range value ("Range" in Table AI). NLR's receiver is a leading-edge detector, meaning that a stop pulse is generated as soon as the optically produced signal (the filtered, analog voltage from the calibration pulse or the target return) exceeds a threshold ("Threshold Voltage" in Table AI ). The time when this signal crosses the threshold determines the measured TOF, which therefore depends on the threshold value, creating threshold-driven "range walk." This threshold can be commanded to any of eight values (Table I) , although no calibration signal is detected at the highest value. Figure 2 shows the sequence of events that occur with each laser shot. After the fire command, the laser pulse is generated after a time delay that varies from 170 to 190 µs. The firing time delay varies slowly on 10-min time scales. The emitted optical pulse generates the start pulse for the two TOF counters. The calibration pulse is received about 0.558 µs after firing, and the laser return from the target is received much later, at a time determined by the range (the range counter overflows after 2.18 ms). The NLR receiver is "blanked," or prevented from detecting a pulse, for a time interval T 0 after the fire command. This T -0 mask (see Table I ) is set by ground command with a default value of 180.498 µs. In-flight tests have shown that this default value, as well as values half as large, are sufficient to prevent electronic noise from interfering with the receiver. The value of T 0 is adjusted by two parameters returned in the NLR data; the first is called "T -0 COUNT" and is represented here by the symbol δ, while the second is called "Range gate" and is represented by the symbol r g . This range gate parameter does not define a range gate in the usual sense of a brief time interval, during which the receiver is active, encompassing the time of the expected range return. Rather, the NLR receiver becomes active once the time T 0 has elapsed, and it remains active until two stop pulses are generated, one from the calibration return and one from the target. The relation between T 0 and the commandable parameters δ and r g is
where T 0 is in units of microseconds and where δ and r g are both integers in the range [0, 1023] . The NLR timing shown in Fig. 2 applies to normal operation at any of the four PRF values. NLR also includes two special failure modes of operation, which can be used in the event of failures involving either the start pulse or the calibration pulse.
In the former case, the FAILSAFE mode starts the TOF counters at the final value of the T -0 COUNT countdown. In the latter case, the ONESTOP mode causes NLR to use the first received stop pulse as the range pulse from the target. As of June, 2000, the start and calibration pulses are functioning nominally, and there is no plan to use either FAILSAFE or ONESTOP.
NLR has two additional special operating modes designed to enable autonomous operation without excessive ground commanding. The first is called "AUTO ACQUIRE," in which NLR uses the calibration pulse to find a threshold voltage above the noise level in the receiver. NLR fires 16-shot bursts at each of the eight possible values for the voltage threshold that are listed in Table I , which are labeled TH = 0 (for n = 0 in Table I ) through TH = 7 (for n = 7). The results of all prelaunch and in-flight tests through May 2000 have shown that AUTO ACQUIRE sets the threshold at TH = 3. The second special operating mode is called "CALIBRATE," in which NLR autonomously sets the value of δ. During CALIBRATE, NLR increments δ until it finds as large a value as possible that still assures detection of a valid calibration pulse. Figure 2 shows that if δ becomes too large, the time T 0 that the receiver is blanked will include the arrival time of the calibration pulse, which cannot then be detected. As of May 2000 there is no plan to use CALIBRATE during asteroid operations because the default values of δ and r g are completely satisfactory.
The timing of NLR events relative to other NEAR spacecraft events is shown in Fig. 3 . All spacecraft events are coordinated by synchronization pulses sent over the Mil-Std-1553 data bus at each 1-s interval of mission elapsed time (MET) under control of the command and telemetry processor (CTP). These 1-s intervals are referred to as "major frames." Every major frame is divided into eight minor frames (Fig. 3 ) numbered 0 through 7, each lasting 125 ms. The NLR DPU controls instrument timing, which is locked to the receipt of the MET synchronization pulses once per second from the CTP. NLR fires the laser in specific minor frames, depending on the PRF mode as shown in Table II . In all cases, laser firing occurs within ∼3 ms of the start of the minor frame(s) shown in Table II . Table II indicates that the laser firing times depend on the instrument software version number. Software Version 6 was used exclusively from launch through June 2000, when it will be replaced by Version 7. The laser firing times in 2-Hz mode will be changed in Version 7 to minor frames 2 and 6, instead , 1, or 2 Hz PRF for indefinite periods. However, because of thermal limitation NLR cannot fire indefinitely at 8 Hz. In the 8-Hz mode, NLR fires 16 shots in 2 s, after which NLR is quiescent for 14 s. Hence, in this mode NLR fires an average of one pulse per second.
An important NLR science objective is to correlate the laser altimetry data with imaging data from the NEAR Multispectral Imager (MSI), as discussed by Zuber et al. (1997) . To accomplish this objective, it is necessary to determine the boresight offset between the NLR and the MSI. Both instruments have been designed to enable a direct measurement of the boresight offset, by using MSI to image the laser spot over the dark side of Eros. To obtain sufficient signal in the image, NLR is operated at 8 Hz to produce eight shots during the maximum imager exposure time of 999 ms. The relative timing of NLR operation and MSI image exposures is shown in Fig. 3 . The MET synchronization pulses at NLR and at MSI are time-aligned within a few milliseconds. During the maximum MSI exposure, the first NLR shot occurs ∼80 ms after the start of the exposure, and the last occurs ∼44 ms before the end, provided that shots are fired in every minor frame. When operated in Version 7, NLR will always begin a 16-shot, 8-Hz burst in minor frame 0, so two full major frames will have shots in every minor frame. In Version 6, an 8-Hz burst can begin randomly in any minor frame.
NLR DATA COLLECTION
During Eros rendezvous, NLR will fire laser pulses whenever the instruments are pointed at Eros for data acquisition (all the instruments can observe Eros simultaneously). NEAR Shoemaker acquires data for approximately 16 h per day and downlinks data for approximately 8 h per day. During downlink periods, NLR will not be pointed at the asteroid but will remain powered on. If NLR is operated in the 1 Hz mode, it will obtain a total of ∼2 × 10 7 range measurements during the year-long prime mission and generate up to ∼1.7 G bit of data. NLR commenced data acquisition at Eros when the spacecraft descended to within 300 km range from the surface of Eros on 28 February 2000.
During the first 2 weeks of May 2000, NLR controlled the spacecraft attitude while in an approximately circular, 50-km polar orbit (measured from the center of mass). Most of the NLR data will be acquired while nadir pointing, with NLR pointed to the Eros center of mass, or while pointed at a fixed angular offset from nadir. Figure 4 shows the ground coverage for 1 week of nadir-pointed observations in the 50-km polar orbit. The footprints of successive laser shots at 1 Hz PRF will be significantly overlapping while NLR is nadir-pointed during most of this orbit, except when NEAR is directly over an elongated end of Eros . The footprint diameter is 7 m at an altitude of 30 km and at normal incidence. The sub-spacecraft point on Eros moves at 3-5 m/s. Even 1 week of nadir-pointed observations will yield a data set well suited for determining global shape, size, and rotation state . Although each NLR track is densely sampled in the 50-km orbit, Fig. 4 shows that the successive tracks are spaced more than 1 km apart at the equator of Eros. Cross-track scanning of NLR, using spacecraft maneuvers, will be used to obtain a more uniform areal coverage of Eros.
Since the laser footprints are overlapping or nearly so at 1 Hz PRF while nadir-pointed in the 50-km orbit, NLR operations through June 2000 will use the 1-Hz mode. Once the spacecraft descends to 35 km orbit, the 1-Hz PRF will no longer suffice for contiguous samples, and NLR will be operated at 2 Hz using Version 7 software.
NLR DATA FORMATS
NEAR uses Consultative Committee for Space Data Systemscompliant data packet formats, of which two formats, normal and high rate, are used for NLR science data. With software Version 7, all data will be returned in the normal format. With Version 6, the normal format is used for 1 8 -, 1-, and 8-Hz PRF data, whereas the high-rate format is used only for 2-Hz data. Cruise phase calibration data in the 2-Hz mode were returned in the Version 6 high-rate format, but no Eros data. All Eros data are in the normal format.
Both data formats have a packet length of 2864 bits and are constructed as follows: primary header (48 bit), secondary header (48 bit), user data, and instrument status (2768 bit). The normal NLR data format has user data for 56 shots and 80-bit instrument status. The high-rate format has user data for 112 shots and 80-bit instrument status. The status bits are the same for the two data formats. Several data values present in the normal format for each shot are not included in the high-rate packet format, because each high rate packet includes 112 shots, whereas only 56 shots are included in a normal format packet of the same length.
The spacecraft packet telemetry stream consists not only of NLR packets but also those from other instruments and spacecraft housekeeping. The NEAR Science Data Center (SDC) processes the packet data to generate NLR Experiment Data Records (EDRs) containing the information needed for NLR data analysis . The NLR EDRs take the form of Flexible Image Transport Standard (FITS) files, in which each packet makes up one record. The NLR FITS files are organized such that all the normal format packets from any UTC day are compiled into one file, while all the highrate packets from the same day are compiled into another file.
The FITS file naming convention is as follows: for the normal format FITS file, LyydddNT.FIT is used where L means laser, and yyddd represents digits giving date of observation in two-digit-year and day-of-year format; correspondingly, for the high-rate format FITS file LyydddHT.FIT is used. An example is L96116HT.FIT for data obtained at 2 Hz on April 25, 1996.
While the NLR packets contain basic information on the instrument status, additional information on the state of the instrument is returned in the spacecraft housekeeping packets. The SDC merges this additional information with that from the NLR packets to produce the NLR FITS files. A full listing of the data values in the NLR FITS files with complete definitions is given in the Appendix.
LABORATORY CALIBRATION OF RANGE MEASUREMENT
The absolute calibration of NLR range measurements, or the relation between measured TOF and range, was measured in laboratory tests prior to launch . Two separate measurements were obtained: first, a determination of the total system delay in commanded threshold TH = 2, and second, a determination of how this delay varies with TH (threshold-based range walk). The total system delay is the time between the arrival of a laser pulse and the electronic registration of counts, and it was determined by comparing the time delay of an optical pulse through the FODA in two cases: FODA separate from the NLR (529.2 ns delay), and FODA integrated with the NLR receiver at commanded threshold TH = 2 (558.33 ns delay). The total system delay T sd was measured as the increase in the time delay when connected to NLR, or 29.13 ns.
This measurement was confirmed, and the threshold-based range walk was measured, during the absolute calibration tests performed on August 8-9, 1995 ("hall shot test," Zuber et al. 1997) . The completed instrument was used just prior to integration with the spacecraft, ranging to a sand-blasted aluminum target at a range of 182.88 m measured with an NIST-traceable surveyor's rule. NLR was fired in TH = 4 at 1 Hz PRF with the window cover closed and with neutral density filters to achieve a total of 71 db optical attenuation. The measured range was 601 counts. From the NLR oscillator speed of 480 MHz ± 0.0005% (correcting the drift specification given by Cole et al. 1997) , each count equals 2.0833 ns in time-of-flight. Hence the uncorrected one-way range was measured as 187.68 m, exceeding the true range by 4.80 m. The excess range converts to an excess of 32.0 ns in the measured time-of-flight caused by the combination of total system delay and the threshold-based delay (at a higher detector threshold, the count is registered at a later time, when the received signal exceeds the threshold; this "range walk" delay depends on the pulse shape). Based on data from Fig. 18 of Cole et al. (1997) , the threshold-based range walk delay from TH = 2 to TH = 4 is 2 counts, or 4.16 ns. The sum of total system delay (measured above as 29.13 ns) and range walk delay is 32.3 ns, which agrees well with the direct measurement of 32 ns excess time-of-flight. We conclude that the total system delay is 29 ns, with a (conservative) uncertainty corresponding to half a count, which is 1 ns or 15.6 cm in range.
We note that the prelaunch data in Fig. 18 of Cole et al. (1997) and in Fig. 7 of Zuber et al. (1997) showing calibration counts versus TH are superceded by the in-flight calibration data presented in this paper. This is because the FODA used for the August 1995 hall shot test was damaged during later ground handling and was replaced by the flight spare unit prior to launch. Hence the cited prelaunch data do not apply to the flight instrument, whose calibration counts versus TH characteristics are slightly different, as shown below. However, the measured total system delay of 29 ± 1 ns, as measured in August 1995, does apply to the NLR as flown, because the total system delay is caused by propagation in the instrument optics and by electronic delays, both of which are not affected by replacement of the FODA.
IN-FLIGHT CALIBRATION RESULTS
A summary of all in-flight tests of NLR through the end of November 1999 is given in Table III . These include functional tests in addition to those intended for calibration. The Earth swingby test involved attempts to use NLR to illuminate a receiver at the NASA Goddard Space Flight Center and to detect laser pulses transmitted from the same site. Owing to cloudy sky conditions throughout the scheduled test, results were inconclusive (Izenberg and Anderson 1998) . The SEQGEN test involved commanding NLR via SEQGEN, a scheduling tool developed by the Jet Propulsion Laboratory that is used for Eros operations.
An extensive series of in-flight calibration tests was performed to measure the calibration counts versus TH characteristic of the flight FODA and to monitor this characteristic for changes over the 4-year cruise to Eros. Figure 5 plots the calibration counts versus commanded threshold TH for all in-flight tests through August 1999. The calibration count values have been stable within ∼0.5 count since launch, and the 1999 test results (displaced downward by 2 counts in Fig. 5 ) are even more tightly clustered. An increase in the slope of the curve from TH = 5 to TH = 6 is evident for each of the observation dates. The same increase in slope above TH = 5 can be seen in Fig. 7a of Zuber et al. (1997) obtained from the hall shot test FODA that was not flown. The slopes of the calibration count vs TH curves are diagnostic of the laser pulse shape relative to the threshold voltage levels (that is, the slope measures the time in counts for the signal to rise 3 db, the interval from one threshold to the next). The increase in slope above TH = 5 indicates that the comparator voltage level in TH = 6 is already approaching the maximum signal level in the received calibration pulse. This suggests that the calibration pulses are not seen for the next higher threshold TH = 7 because the received calibration signal never exceeds the TH = 7 threshold, which is 3 db higher than that in TH = 6.
The measurements of total system delay and threshold-based range walk yield the conversion from range counts to range R in meters measured by NLR, where the last term accounts for the total system delay of 29 ns and where the correction corr(TH) is listed in Table IV and accounts for the threshold-based range walk.
The threshold-based range walk corrections in Table IV were obtained from in-flight calibration tests. The calibration counts for all shots with a given TH are averaged from a given test, omitting shots without valid calibrations (e.g., FAILSAFE data, also data with range gate values that suppress the calibration pulse). Each entry in Table IV is the average of >1000 valid calibrations. The difference in average calibration counts between the given threshold and TH = 2 yields the range correction in Table IV , using the conversion 0.3122838 m per count. The TH = 2 correction is zero by definition. No calibration pulses are detected for TH = 7 so no range correction is shown, and none is shown for TH = 0, which is at the noise level and which will not be used for mapping.
The second column of Table IV shows the threshold-based range walk corrections from the combined data sets obtained in the flight tests performed 4/19/99 and 8/13/99. The values in the second column will be adopted for initial analyses. The third column shows, for comparison, the corrections obtained from the combined data sets obtained in all flight tests from launch through 1998. The changes in these corrections over the >3-year time span are regarded as a conservative estimate of the uncertainties in the corrections. The uncertainty in corr(TH) corresponds to less than 11 cm range.
We now estimate the single-shot range uncertainty when ranging to an ideal target (a flat, diffusely reflecting surface normal to the boresight). The contributions to this range uncertainty as discussed above are collected in Table V . The entry under "range counts" is ±0.5 count in the measured TOF. The uncertainties are statistically independent and are combined by the square root of the sum of the squares (rss). The uncertainty due to oscillator drift is ±0.0005% of the measured range, based on prelaunch tests. The actual oscillator drift after 4 years in space can be estimated from analysis of range measurements to Eros obtained from different orbit altitudes. As NEAR descends to progressively lower orbits, the measured ranges should decrease accordingly; this allows estimation of the oscillator drift from the data. The orbit can be determined independently of NLR from radio tracking and optical navigation. Finally, Table V does not include the effect of pulse dilation caused by reflection from a nonideal target surface, which may dominate the single-shot ranging uncertainty at Eros. In addition, no temperature corrections to measured ranges are needed. Inflight tests have confirmed that any temperature-induced range errors are negligible on NLR (see Appendix). We note that calibration errors have been estimated on a best-effort basis, but measurement errors will be slightly greater.
MODEL OF RECEIVER PERFORMANCE WITH PULSE DILATION
The probability of successful ranging measurement (P d ) depends on the surface reflectivity of the target, distance from the target, surface height distribution within the laser footprint, target surface tilt, transmitted laser pulse energy, receiver telescope aperture, and the noise levels within the receiver. A simple receiver model is presented below that predicts the NLR single-shot detection probability using Webb's approximation (Gardner 1992 . The new result here is that the NLR FODA enables for the first time an in-flight measurement of the key receiver parameter that determines the single shot detection probability at a given threshold setting, namely, the ratio of threshold voltage to receiver noise. The main idea is that the model predicts not only the probability of detecting the reflected signal pulse, but also the probability of false alarm, which is the probability that receiver noise will exceed the threshold and generate a false TOF. The false alarm rates have been measured in-flight at NLR's lowest two threshold levels that are within or close to the receiver noise level. With the aid of the Webb's approximation receiver model, these in-flight calibrations yield determinations of the receiver noise and lead to predicted probabilities of successful ranging by NLR.
The NLR receiver model, as calibrated by in-flight tests, is also combined with a model of pulse dilation by a tilted target surface. Pulse dilation is the temporal stretching of a returned pulse when compared to the transmitted pulse and comes about when different parts of the laser-illuminated target area are at different ranges from the instrument, so measured TOF values are dispersed. The pulse dilation model outlined below predicts the return pulse intensity versus time from a diffusely reflecting, planar target at nonnormal incidence. Surface roughness also contributes to pulse dilation (e.g., Gardner 1992), but the effects of surface roughness and tilt are not separable by a leading edge detection system such as used by NLR (characterization of the received pulse waveform would be needed to do so). Hence, the receiver model predicts NLR's single-shot probability of detection from a tilted target surface, and, at the same time it yields estimates of the range walk error induced by pulse dilation. In addition, comparison with measurements of Eros may yield constraints on the "effective" surface tilt within the laser footprint, where this effective tilt includes a contribution from surface roughness. The key radiometric parameters of NLR are defined in Table VI , which also lists the adopted parameter values from Cole et al. (1997) .
The number of signal photoelectrons generated per pulse is then
which evaluates to n s = 181 photoelectrons per pulse at a range of 190 km, a typical altitude above the surface during NLR's initial mapping operations from 200 km circular orbit. In what follows, the rate at which reflected laser photons are absorbed per second is written φ, and the total number of photons absorbed per pulse is written φτ p , where τ p is the (dilated) pulse width. The solar irradiance is 230 W/m 2 /µ at 1.68 AU from the Sun, a typical value for the 50-km circular polar orbit at Eros, and the 1.064-µ Eros albedo is from groundbased observations (e.g., Murchie and Pieters 1996) . The number of solar background photoelectrons per second is written φ b ,
which evaluates to φ b = 4.63e + 09 s −1 for the given inputs. Pulse dilation from a nonideal target surface is simply modeled here by considering a planar target which is inclined to the boresight, although the model can be generalized to the case of a rough, nonplanar target surface. The transmitted pulse shape is assumed to be a Gaussian with mean = 19 ns and FWHM = 12 ns, but truncated to be zero for times t < 0 (the start time is t = 0) and t > 39.6 ns. The beam angular distribution is assumed to be Gaussian also with full width at e −2 of peak intensity at 235 µr. The target surface is assumed to be planar but tilted to the line of sight with specified incidence angle. It is a distance R from the instrument along the boresight direction (the center of the emitted beam). A uniform, rectangular grid is defined on the target plane, and the ranges from the instrument to each grid cell are denoted R i j , i = 1, . . . , 20 and j = 1, . . . , 20. The returned photons from each grid cell arrive at a time
which is calculated for each transmit time and grid cell i j. The number of photons from each grid cell at t arrival is determined from the transmit time relative to the (truncated) Gaussian pulse shape and from the angular displacement of the grid cell off the boresight. Each grid cell is assumed to have the same reflectivity. The total number of received photons per pulse is normalized to n s /η APD . The transmit time is discretized in units of one receiver time-of-flight count, which is 2.083 ns. Finally, the numbers of photons from the various grid cells are sorted by arrival time to determine the returned number of photons from the entire target versus time.
The APD and receiver characteristics are modeled as in Cole et al. (1997) using Webb's approximation in which the statistical distribution of the number of photoelectrons approaches a Gaussian near the mean value Gφτ p with a variance FG 2 φτ p , where the APD excess noise factor F is given by
and the APD parameters are given in Table VII . For NLR, the excess noise factor F = 2.627.
The effective signal pulse width τ is approximated as the greater of the receiver filter time constant τ 1 and the dilated pulse width (defined as time interval from receipt of 10 to 90% of total pulse energy, as computed above), τ = max(τ 1 , dilated pulse width).
The mean APD outputs are µ 0 in the absence of signal and µ 1 with signal, where
Here e is the elementary charge. The variance of the preamplifier and APD leakage current noise σ 2 is given by (k is the Boltzmann constant)
In the case of no signal, the APD output is described by the distribution function P PD0 (z),
, where s 00 = G 2 Fµ 0 . With signal present, the APD output is described by
The probability of false alarm P FA is then given by
where n T is the threshold level normalized to the noise level, which is fitted to in-flight calibration data. Constant values of z 0 and z 1 are chosen to include the entire variation of the integrand.
Here T is the time from laser firing to photon return, and P FA is calculated as a function of T for a given value of n T . The function erf(z) is the cumulative distribution function of a Gaussian random variable with zero mean and unit variance. Similarly, the single shot probability of detection P D is
and constant values of z 2 and z 3 are chosen to include the entire variation of integrand. Both integrals are evaluated by numerical quadrature.
PREDICTED RANGING PERFORMANCE AT EROS
The model outlined above is fitted to in-flight calibration data of NLR. There are three relevant observations. First, in TH = 0, the false alarm rate as measured on 4/19/99 was 62%, defined as the fraction of shots in which the range count was less than the correct value of 264 (this value is the correct calibration count, because the arrival of the calibration pulse also stops the range counter in TH = 0). The range count of 264 corresponds to a range window open to 82.4 m. Second, in TH = 1, the false alarm rate as measured on 4/19/99 was 45.6%, defined analogously as the fraction of shots in which the range count did not overflow (overflow occurs at a count of 1048450, so the range window was open to 327.4 km). Finally, in TH = 2 the false alarm rate was not measurable (no false alarms seen in 372 shots on 4/19/99 or in 5224 shots on 1/19/98).
The measurements are reproduced by the Webb's approximation model with inputs as listed above (except, of course, that there is no solar background), and with the fitted n T values in Table VIII . The threshold voltage count values are returned in the NLR telemetry (see Appendix), so the ratio of the threshold voltages in TH = 1 versus TH = 0 is known independently from the NLR housekeeping data. The n T values in Table VIII are consistent with these in-flight data. The P FA value could not be measured for TH = 2, so the values given in Table VIII are the model predictions based upon an n T value of 10 as inferred from the NLR housekeeping data.
These results are applied to ranging to the sunlit surface of Eros from the 200-km orbit (nominal range 190 km). The top panel of Fig. 6 shows the cumulative number of photons received (dashed curve) versus range from the tilted target surface at 20
• incidence angle (boresight to surface normal). Although NLR will be nadir pointed, the asteroid is nonspherical, and incidence angles of 20
• or larger are expected. The solid curve shows a single shot probability of detection approaching unity from the 200-km orbit. The mean value of the measured range, as estimated from the range at which the probability of detection reaches half of its ultimate value, is 190.0003 km, implying a range walk error of +0.3 m induced by pulse dilation. The probability of false alarm is predicted to be 0.04%, which is negligible.
The bottom panel of Fig. 6 shows the effect of pulse dilation at the same nominal range, but with a greater surface tilt. At 35
• incidence, the total probability of detection decreases to 62%, and the range walk error is now +8 m. The false alarm probability becomes 0.7% which is acceptable. Hence, NLR is expected to range successfully to Eros from the 200-km orbit at up to ∼35 • incidence. At shorter ranges, the number of returned signal photons is much greater and the pulse dilation is less, because of the smaller laser footprint. The probability of detection is higher, allowing operation at significantly off-nadir pointing and high incidence angle. For example, calculations show that in the 50-km polar orbit, with a nominal range of 40 km and an incidence angle of 45
• , the probability of detection at TH = 6 is essentially unity and the range walk error from pulse dilation is −0.9 m. Ranging accuracy from 50 km orbit is fully consistent with the 6-m science requirement .
NLR commenced science operations at Eros on February 28, 2000, when the first laser returns were detected at a range of 300 km. Science data acquisition has been accomplished successfully in orbits at 200, 100, and 50 km, qualitatively confirming the predictions of instrument performance from Webb's approximation. A quantitative comparison is difficult, because in the high orbits the incidence angles at the scale of the laser footprints are not well known, whereas in the low orbits P d has been essentially unity. A detailed analysis of instrument performance at Eros will be presented elsewhere.
APPENDIX I-NLR DATA FORMATS
The NLR Experiment Data Records take the form of FITS files. These are the time-ordered, raw data products from the merging of NLR science data packets with instrument data extracted from spacecraft housekeeping packets. The two NLR packet formats, normal and high rate, are made into separate FITS files and are not merged with each other. As discussed in the text, NLR packets contain primary and secondary headers plus user data and status bits. Details are given in Table AI , which shows in the first column whether a data value is found in the headers, user data, or status bits. In both NLR packet formats, the primary header information is used for telemetry processing and is not pertinent to data analysis, while the secondary header contains the packet Mission Elapsed Time (MET, 32 bit), software version number, and subprocess identifier (normal or high rate). Not all of the user data values in the normal format are included in the high rate format, as shown in the second and third columns of Table AI . The software version number is 6 for all data from launch through June 2000, after which software version 7 will be used. All information in this Appendix applies to either Version 6 or Version 7 except where stated otherwise. The most significant differences between the data formats in Versions 6 and 7 are
• Version 7 returns all data in the normal format, including 2-Hz mode data;
• In Version 7, the first three fields in the science status bits are: Last Cal (calibration count of the last shot) and then the minor frames of the first shot and the second shot of the packet. These three fields replace the first two fields in the Version 6 normal format, which are Last Cal and First Cal.
As a general rule, data constants are converted to decimal integers in the NLR FITS files. For example, the 12 least significant bits of the 32-bit MET are returned for each shot in the normal format data (Table AI) and are converted to an integer in the range [0, 4095] . The "Range" counts are converted to integers [0, 1048580] . The conversion from "Range" counts to range is given in the text. The "Calibration" counts measure the time delay introduced by the FODA and are returned for each shot in the normal format; additionally, the same "Calibration" count values for the first shot and the last shot in the packet are returned among the status bits (version 6 only). In the high rate format, calibration counts are returned only for the first and last shots in the status bits.
The NLR FITS files contain 8640 bytes of header information, including lists of all data values in the NLR packets (Table AI) and all values from spacecraft housekeeping (Tables AIIa and AIIb) . Following the header, packet data are given, one record per packet. There are 401 fields for each record (i.e., 400 data values per packet, plus the packet number) for either the normal or the high rate format FITS files. These are packet number, packet MET (which is the time of the first shot), and subprocess ID, comprising the first three fields; user data in the next 336 fields (for 56 shots in normal format or 112 shots in high rate format); and finally 62 fields for instrument status data from NLR packets and spacecraft housekeeping. These 62 fields include three data processing indices, NLR DQI, CTP DQI, SUB DQI, which are used by the SDC and are not pertinent to data
TABLE AIa Status 2, Science Packet Status Bits
Version 6 Version 7
Calibration counts Minor frame of of first shot first shot
Minor frame of second shot analysis. For all data values other than range and calibration, the conversions from counts to engineering units are given below. In addition to data returned in science packets, instrument housekeeping information is returned in the spacecraft housekeeping data stream, some of which is commutated. The complete NLR housekeeping data sets are listed in Tables AIIa  and AIIb . Noncommutated values are shown in Table AIIa as well as the times sampled for each of the subcommutation frames shown in Table AIIb . The subcommutated data values and the frames in which they appear are shown in Table AIIb . The names of the data values are listed in the first columns of Tables AIIa and AIIb and are given in the same order (top to bottom) as they appear in the NLR FITS files. Explanatory comments are always in the last column. In Table AIIb , the column labeled "Frame" gives the subcommutation frame in which the value is returned.
The op-codes corresponding to commands that appear among the status bits in the NLR packet data are listed in Table AIII . The hexadecimal op-codes are converted to decimal numbers in the NLR data sets.
The same information on PRF mode status is returned independently in both the NLR packet status bits (as "PRF") and the subcommutated housekeeping data (as "Pulse Repetition Frequency"), although the times of sampling are different. When PRF is returned as "2", NLR is firing at 1 Hz (see Table AIV ).
Numerous quantities are returned in both the science packets and the housekeeping data, but are denoted by different names in the two data streams. The same scaling from counts to engineering units applies to both data streams, and the data are nearly always identical in the two cases; differences arise from the different sampling times. In what follows, if the same physical quantity is returned in both data streams with different names, both names are listed explicitly.
As noted in Table AI , the voltage threshold and calibration counts are returned for every shot in the normal science format. Moreover, the voltage threshold for one particular shot (which shot depending on DPU state, not determinate) is returned in the status bits. For the high rate format, the threshold (one shot, not determinate) and calibration values (last and first shots) are returned only in the status bits. In addition, the subcommutated housekeeping frame 3 contains one sample of calibration counts ("Fiber Optic Delay Assy Cal" which is offset by 256, see comment in Table AII ) and one range sample ("Range Measurement"). Housekeeping subcommutation frame 2 contains one sample of threshold voltage ("Receiver Comparator Threshold"). As is conventional practice, all subcommutated housekeeping values are supplied for every record in the NLR FITS files, although only one frame is returned in any packet, by using the data sample nearest in time. Most housekeeping values are in any case slowly varying. The actual MET values for the individual subcommutation frames used to complete any record are given in the data words MET1 through MET5; these may or may not be exactly contemporaneous with the science user data in the record. In particular, the range value in the subcommutated housekeeping is at MET3.
To convert counts to the transmitter diode pump temperature in • C, the transmitter power supply temperature in • C, or the chassis deck temperature in • C,
To convert counts to the time-of flight ASIC temperature in • C ("Time-ofFlight Temp" in NLR packet data), the receiver detector temperature in • C, or the medium voltage power converter temperature in • C, T = 84.668 255 × counts − 29.
To convert counts to receiver housing temperature in • C,
To convert counts to instrument main bus current in A ("Laser Rangefinder Current"), To convert counts to dc-dc converter input current in A, I = 0.996 255 × counts.
To convert counts to APD bias voltage in mV ("APD Bias" in NLR packets), V = 1073.12 255 × counts.
To convert counts to the medium voltage power supply voltage in V ("MVPS Voltage"), V = 747.94 255 × counts.
To convert counts to power converter output voltage in V,
where V s is listed in Table AV .
To convert counts to threshold voltage in millivolts ("Threshold Voltage" in NLR packets, "Receiver Comparator Threshold" in housekeeping), V = 2307.1 255 × counts.
While the nominal values of the comparator threshold voltages are listed in Table I (for example., the threshold is 16 mV in TH = 0) the observed values of voltage counts at each value of TH are listed in Table AVI . The threshold in TH = 0 is actually set below the noise level in the receiver; this enables an in-flight measurement of the noise using the calibration pulse as discussed in the text. The threshold TH = 2 is far enough above the noise that the receiver false alarm rate (triggering on noise) is negligible. The threshold TH = 7 is high enough that the calibration pulse cannot be detected.
APPENDIX II-TEMPERATURE SENSITIVITY
During the Earth swingby test of January 19, 1998, the spacecraft was oriented such that NLR became directly illuminated by the Sun, and the NLR receiver housing was raised to ∼10 • C higher than maximum normal temperatures. At Eros, the spacecraft will always be oriented such that NLR is completely shadowed by the spacecraft, and such heating will not occur. Figure A1 shows that even during the January 1998 Earth swingby test, the calibration counts measured by NLR in TH = 2 were unaffected (bottom), despite the temperature rise shown in the (top) panel. The lower panel of plots the average of the calibration counts from the first shot and the last shot of every packet during the test. The temperature of the TOF ASIC (not shown) was constant to within 1 count (0.3 • C) throughout the event. However, Fig. 5 shows that the average calibration counts measured in TH = 1 and 2 during this test (for all shots with valid calibrations) were about 0.4 counts lower than those measured 1 month earlier as well as lower than those measured subsequently. The significance of this difference is unclear. The conditions of the Earth swingby test have not been reproduced subsequently and will not occur at Eros. In summary, the in-flight calibration data provide no basis for introducing any temperature correction to measured ranges.
